Abstract. -The quantitative description of growth curves for morphometric traits provides a basis for assessing the ontogenetic patterns underlying differences in morphological structure, as demonstrated with comparisons among neotomine-peromyscine rodents. Morphometric differences among contemporary rodent species are shown to result from relatively simple changes in relative growth rates and timing. Quantitative ontogenetic studies add a dynamic component to the assessment of morphological similarity, thus providing a more robust procedure for detecting homoplasy than static comparison of adult morphology. Applying the principles of phylogenetic systematics to studies of developmental timing among closely related taxa may be a useful and informative complement to studies based on molecular similarity or static comparison of adult morphology. Interspecific and intraspecific differences in allometric scaling of anatomical structures may reflect differences in growth patterns among the taxa compared; caution is warranted in inferring patterns of genetic correlation from data on phenotypic scaling.
Contemporary and traditional classifications of higher vertebrates are based in large part on assessments of similarity in adult structure of living and fossil forms. Two assumptions underlie all inferences about patterns of relationships based on comparative evidence, whether the basis ofcomparison is phenetic (based on overall similarity) or phylogenetic (based on derived similarity or synapomorphy) and whether the data are morphological or molecular. The first assumption is that degree of phenotypic similarity is related to degree of genetic similarity. Though perhaps sustainable for some primary gene products and macromolecules (such as hemoglobins and cytochromes), this is largely untested for most complex structures in vertebrates and may be difficult to test in principle (Dawid et al., 1982; Lewontin, 1984) . An observed lack ofcorrelation in some cases has caused problems for systematists and evolutionary biologists (e.g., Turner, 1974; Schnell et al., 1978; Lessios, 1981) .
The second assumption is that simi-'Current address: The Nature Conservancy, International Program, 1785 Massachusetts Avenue, N.W., Washington, DC 20036. 94 larity in adult morphology reflects similarity in the underlying patterns and processes ofdevelopment (Bonner and Hom, 1982) . This presumption of developmental conservatism is more amenable to study (at the gross morphological level) with contemporary techniques. We can describe and evaluate differences in size and shape of morphological features in terms of relative rates and timing of growth in an appropriate number ofmorphological dimensions. What is required is a method ofdescribing growth in terms ofindividual ontogenies that can be used to affect comparisons among a broad enough range oftaxa to be interesting and informative.
We present here a quantitative analysis of patterns of growth and development in a suite offive morphometric traits and four "discrete" developmental landmarks for 13 species (eight genera) of North American cricetine rodents. That differences in size and shape of homologous structures in different taxa result from differences in rates and timing of growth and development is axiomatic (Alberch, 1980) . In providing quantitative descriptions of age-specific growth patterns, however, we will show how similarity in size and shape ofadult mor-phological features may arise from different patterns of development and assess the degree to which differences in "control parameters" (sensu Alberch et al., 1979; Alberch, 1980) underlie the observed diversity in adult morphology. Subsequently, we will summarize differences in the relative timing of development of various traits among these rodents, outline a program for using such data to estimate phylogenetic relationships among them, and compare the phylogeny estimated from comparative ontogenetic data with alternatives estimated from more traditional studies based on static comparison of adult morphology. Finally, we show how differences in the relative rates and timing ofgrowth in various traits (e.g., brain and body weights) may account for the patterns of static allometry observed in some intraspecific and interspecific comparisons.
MATERIALS AND METHODS

The Quantitative Description of Growth
Data. -Our study is based on longitudinal data reported in the literature for 13 species ofneotomine-peromyscine rodents, representing eight of the 18 genera recognized by Carleton (1980) (Table 1) . We included all species of neotornineperomyscine rodents for which complete data sets were available. In addition, we included, for comparison, data on two other species of rodents: Perognathus longimembris (Heteromyidae) and Rattus exulans (Murinae).
Complete data sets included information on postnatal growth in five metric features: body weight (W), head and body length (HBL), tail length (TL), hind foot length (HFL), and ear length (EL). Data were reported in the literature as means for a study sample, measured at weekly intervals or less, for at least the period from birth to eight weeks ofage (e.g., Fig.  1 ). Obviously many factors, such as litter size, age and condition of the mother, differential mortality of smaller young, and laboratory conditions, influence the growth rates of individual young (Myers and Master, 1983) , but the mean values approximate the general pattern ofgrowth in these features for a typical individual of a given taxon. Indeed, studies of "targeted" growth (Tanner, 1963) in rodents (Riska et al., 1984; and ofheritabilities ofgrowth parameters (Eisen, 1975; Herbert et al., 1979; Kidwell et al., 1979) indicate that growth rates may be tightly regulated about this average, converging on a very restricted range of adult phenotypes within a popu1ation. Estimates ofadult size were based either on measurements of wild-caught specimens (generally the parents of the sample) or on the asymptotic size calculated from the growth curves for a particular sample (Fig. 1) . Unlike some murid rodents, neotomine-peromyscines exhibit no detectable sexual dimorphism in any of the traits studied (Carleton, 1980) , so samples included both male and female young.
Data were also recorded on the mean length of the gestation period and on the timing ofthree "discrete" developmental events: eye opening, ear opening, and eruption of the lower incisors. We recognize that the characterization of these latter events as discrete is arbitrary in that they represent recognizable points along a developmental continuum; we use the term merely to imply a repeatably and unambiguously observable landmark in the development of an animal. These events also correspond with significant phases in the life history of rodents, such as attainment of the abilities to orient to their environment acoustically or visually and to process solid food.
Analytical Methods. -Comparison of data on growth and development among taxa requires a model for describing growth that is sufficiently precise to characterize individual trajectories, yet sufficiently flexible to facilitate inter-taxon comparisons. The parameters required to describe and compare patterns of postnatal growth in a given trait, such as body weight, are shown in Figure 2 . Our formalism and terminology are generally consistent with Alberch et al. (1979) . dAdditional data from Dice and Bradley (1942) and Layne (1968) .
However, our descriptions of ontogeny are grounded in a quantitative, generalized model of negative exponential growth (von Bertalanffy, 1960; Laird, 1965) (Fig. 2A ). In this model a represents the time ofonset ofgrowth (or birth, in our study); SOl is size at birth; fJ is defined as the age (time since birth) at which 90% of exponential growth (Laird, 1965) has occurred; SfJ is that corresponding size; and SAis the asymptotic (adult) size at the end of the period during which growth approximates a negative exponential curve. k. is the average growth rate over the interval from birth (a) to 90% adult size (fJ). A consistent notation is used to describe growth trajectories of the other traits; for example, HBLfJ is 90% of adult HBL while fJHBL is the age at which that size is attained (Fig. 2B ). When the model holds for a given morphometric trait, these few parameters provide a complete and precise description of postnatal growth. The difference in adult size between any two forms in a particular trait can be accounted for, or partitioned, in terms ofthree parameters: size at birth (SOl); growth rate (K); and the length of the growth interval (fJ -a).
Choosing 90% of asymptotic size to represent fJ, or a comparable point such as 95% or 99%, provides a landmark from within the range of observed data that indicates the age at which a constant proportion of total exponential growth has occurred. When the data are well fit by a negative exponential model there exists a unique function that describes the trajectory through the points (a, SOl)' (fJ, SfJ) with an asymptote at SA, so that we can represent the curvilinear growth trajectory with a straight line segment of slope k. (the average growth rate, Fig. 2A ) with no loss of information. Negative exponential growth curves were fit to the data using a robust nonlinear regression procedure that involves fitting the model exactly to all possible subsets of three data points and selecting the medians of the parameter distributions thus generated. This is a modified jackknifing (subsetting) technique which 
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'0 birth to eight weeks of age. This vector provides a convenient and consistent measure of overall size and provides a standard measure against which growth in individual traits can be compared. A measure of the equivalence of the size vectors among taxa is provided by the coefficients of vector correlation (Cheverud, 1982) for pairwise comparisons of taxa. This statistic is the cosine of the angle between each vector pair, calculated as the inner product of the loadings (Morrison, 1976) . For normalized vectors (or those roughly equal in scale), this value equals unity when the vectors are parallel and zero when they are orthogonal. Among the 15 taxa vector correlations ranged from 0.972 to 0.999, in- i) yields approximate maximum-likelihood estimates ofthe explicit parameters of the von Bertalanffy model (to, SA, k) ; ii) provides comparable estimates of additional, biologically important descriptive parameters (such as ex, (3, Sa, and Sfj); and iii) provides robust estimates of the sampling errors of these parameters and ofthe covariances among them. Thus we can describe each ontogenetic trajectory by a few biologically interpretable descriptive characteristics for which we also have estimates of variances and covariances.
In the same way that we describe growth curves for individual traits, we can evaluate and compare the ontogenetic trajectories of multivariate vectors computed from some combination of logically or functionally related features. We represent "general size" in our comparisons by a vector summarizing the joint size increase in all morphometric traits (Jolicoeur, 1963; Leamy and Bradley, 1982 •
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RESULTS AND DISCUSSION
Differences in Growth Patterns
Among Species The absolute duration of growth in most traits surveyed for these rodents is strongly correlated with body size (e.g. ,  Fig. 3A) ; larger rodents, in general, take longer than smaller rodents to reach adult size. However, the relative timing of particular traits (expressed in terms of proportion of general adult size) is mostly independent of body size (Fig. 3B) . Relative timing of growth in head and body 6.0 6.5 7.0 7,5 8.0 8.5 9.0 length (HBL), for example, is not related to overall size among these taxa, as indicated by the lack of any significant relationship between absolute adult size and the proportion ofadult size (S,J at which HBL,s is attained. Differences among taxa in the relative adult size of a given feature may result from three general types of ontogenetic differences: differences in size at birth (Fig.  4A) ; differences in average growth rates (Fig. 4B) ; differences in the duration of the geometric growth phase (Fig. 4C) ; or some combination ofthese (Fig. 4D) . The terminology of Alberch et al. (1979) can be used to describe these differences in growth pattern. Figure 4A illustrates a situation ("displacement") in which adult differences are influenced primarily by the timing of onset of exponential growth. Figure 4B illustrates the consequences in terms of adult morphology of differences in relative growth rates only, to which the terms "acceleration" or "neoteny" would apply depending on the phylogenetic context (Fink, 1982) . In Figure 4C , changes in the timing of offset (duration) postnatal growth rate, and duration of growth. Such differences might reflect relatively recent selection on life history traits (such as length ofgestation) or may represent differences due to phylogenetic history. We have seen that, while the absolute duration of growth in these traits is strongly correlated with body size, relative timing (expressed in terms of proportion of adult size) varies independently of body size. To compare overall developmental patterns, we plotted the percentage of general adult size (S) at which each of eight developmental "events" or landmarks occurred for sev- a Erupted at birth (Helm, 1973) .
eral pairwise comparisons (Table 2 , Fig.  6 ). This type of plot provides a convenient visual summary of similarities and contrasts between the patterns ofrelative developmental timing among taxa, independent of body size. The ordering of events (A through H of Table 2 ) was assigned to be the ontogenetic sequence observed in Rattus exulans, a murid rodent outside of the primary study group. This ordering is consistent with the most common ontogenetic sequence within the neotomine-peromyscines. The relative amount ofvariation in relative timing of the eight developmental events and landmarks is summarized in Table 2 . Size at birth exhibits the largest amount ofvariation, likely reflecting differences in absolute and relative gestation lengths. The factors affecting the tradeoff between the proportion of total developmental time spent in utero vs. ad mamma are likely to be complex, involving relative risks of predation to pregnant females and nestlings, structurallimitations (e.g., pelvic breadth) on size of young at birth, and other ecological and physiological compromises.
Inferring Phylogeny from Quantitative
Ontogenetic Data Developmental patterns, like other aspects of the phenotype of contemporary organisms, have an historical component; that is, they may reflect (in part) the evolutionary history ofthe animals studied. The data of Table 2 comprise a matrix of information on similarities and differences in developmental patterns analogous to a matrix of characters used in conventional taxonomic studies. To evaluate the pattern of phylogenetic relationships implied by these data on relative timing, we computed a Wagner network (Kluge and Farris, 1969; Farris, 1970) (Fig. 7A) and rooted it based on the conclusions of Carleton (1980) (Fig.  7B ). This network of similarity in developmental timing can be viewed as an hypothesis of phylogenetic relationship A.
FIG. 7. A)
Wagner network calculated for fourteen neotomine-peromyscines from the matrix of data on relative timing of developmental landmarks (Table 2) . Lengths of internodes are drawn proportional to patristic distance (Kluge and Farris, 1969) . B) Topology of the Wagner network rooted between Tylomys and Neotoma, following Carleton (1980) . The numbers represent the parsimonious location of reversals in the relative timing of the landmarks identified compared to the plesiomorphic or ancestral sequence inferred by outgroup comparison.
that, by following the growth trajectories ofsuch characters, it is possible to discern differences in rate and timing of growth processes that underlie the patterns of phenotypic similarity implied by a phylogenetic hypothesis. In the above example, the reversal in relative timing of growth in ear length and head and body length that characterizes P. mexicanus and P. melanocarpus is parsimoniously interpreted as a shared derived state, while the reversal characterizing O. phyllotis is interpreted as a "convergent" similarity. The processes underlying the two reversals are different.
The Wagner network (Fig. 7A) provides an overview of similarity and contrasts in overall developmental patterns. The topology (Fig. 7B ) corresponds in major outline with previous studies based among the neotomine-peromyscines. The numbers plotted on the tree identify parsimonious locations of switches or reversals in the relative order ofoccurrence of two developmental events.
When taken at face value, these data on heterochrony show a moderate degree of homoplasy comparable to most traditional morphological data sets. Considering only the relative order of occurrence of discrete developmental landmarks gives a consistency index (Farris, 1970) of 0.5. This low level of fit, however, is primarily an artifact of characterizing reversals in an arbitrary, typological manner: reversals were identified as switches in the relative order of occurrence of two landmarks without regard to the type of change in developmental pattern (acceleration, displacement, etc.) underlying a particular reversal in relative timing. By referring back to the original growth trajectories for the quantitative characters, it is possible to evaluate the processes underlying a particular switch in timing.
In Figure 8 , for example, we show the growth trajectories for head and body length (HBL) and ear length (EL) for six taxa. The presumed plesiomorphic condition, inferred from outgroup comparison, is for EL to reach adult size before HBL. In comparing the trajectories of postnatal growth in EL and HBL we see that two different processes underlie the "reversal" of relative timing that characterizes Ototylomys phyllotis on the one hand, and Peromyscus mexicanus and P. melanocarpus on the other. In the case of O. phyllotis, the relative growth rate in EL is lower than in the other taxa, while the relative rate of growth in HBL is unchanged. In P. mexicanus and P. melanocarpus, relative growth rate in EL is about the same as for the other taxa while growth in HBL is relatively accelerated. In one case, then, the reversal is due to a change in the relative growth rate of ear length, while in the other the switch is due to a change in the timing of growth in HBL. This example illustrates the special advantage of quantitative characters in phylogenetic studies, in 
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FIG. 9. Hypothesized phylogenies for 14 neotomine-peromyscines from A) Carleton (1980) and B) Hooper and Musser (1964) , reduced to include only the taxa studied here. Relationships among Peromyscus spp. are inferred from Hooper's (1968) classification. Square bracket encloses species of Peromyscus sensu lato, after Hooper (1968) .
velopmental patterns of Ototylomys and Tylomys with other neotropical cricetines (e.g., the sigmodontines).
Despite the wide range of body sizes and ecological habits represented by the seven species and subspecies of Peromyscus (sensu lato) included in this study, our analysis based on relative timing supports the notion that the genus (along with Podomys) is monophyletic. Inclusion of Podomys in Peromyscus is contrary to the conclusions ofCarleton (1980) but in agreement with most previous (Hooper, 1960 (Hooper, , 1968 and subsequent (Rogers, 1983) studies.
It is not our intent to imply that these few taxa and characters studied provide a rigorous basis for revising the classification of neotomine-peromyscines. Rather, we compare our results with those derived from more traditional methods to illustrate the information content of data on developmental timing and to emphasize its potential utility in phylogenetic studies. These nine "characters" provide a relatively well resolved picture of interrelationships that is consistent in major outline with previous studies.
An assumption underlying most classification systems, and virtually all attempts at phylogeny reconstruction based on comparative evidence, is that devel- (Fig. 9 ), but differs in some details. As in Carleton's (1980) study, Ototylomys and Tylomys are highly divergent from the other neotomine-peromyscines. In fact, they are more different from the other taxa than is the Pacific murid, Rattus exulans. Hooper (1960) , Hooper and Musser (1964), and Carleton (1980) have remarked on the distinctiveness of these genera, and Carleton (1980) suggested that they either represent an early offshoot of the neotomine-peromyscine radiation or are independently derived from North American eumyine stock. Their highly divergent pattern of timing in growth and development is consistent with Carleton's conclusion that their common ancestry with the other neotomine-peromyscines is remote. In this context it would be interesting and potentially informative to compare the de- King and Eleftheriou (1960). genetic correlation between brain size and body size; and ii) the similarity of scaling within and between populations might simply reflect the consequence of selection or random drift acting on body size, with brain size secondarily affected to the degree that it is genetically correlated with body size (see also Leamy and Atchley, 1984) . While Lande's inferences are consistent with commonly observed patterns of intraspecific scaling in these features, the proximate mechanism underlying these regular patterns remains unexplained.
Differences in intraspecific scaling of brain size with body size may result from heterochronic shifts in growth patterns (Gould, 1977) . For example, the data of Figure 10 represent mean growth curves of brain weight and body weight for laboratory-raised samples oftwo ofthe subspecies of Peromyscus maniculatus discussed above. The growth trajectories for body weight are indistinguishable, as is the trajectory for brain weight from birth until about eight days of age. After that age the growth trajectories for brain weight diverge. The allometric relationships between brain weight and body weight from day 10 through day 40 are
Growth Curves and Allometric Scaling
The ubiquity of regular size-scaling in interspecific and intraspecific comparisons of morphological structure has long been recognized (e.g., Snell, 1891) and abundantly documented (Huxley, 1932; Gould, 1966 Gould, , 1975 McMahon, 1973) . Laird (1965) elucidated the basis for the frequently observed log-linear allometry of growth in terms of the mathematical relationship between the underlying growth curves of the structures compared. One of the most well known and thoroughly documented allometric relationships in vertebrates is the log-linear scaling of brain size with body size (Jerison, 1973) . For comparisons among mammalian taxa spanning even a modest range of body sizes (e.g., primates or rodents), the scaling coefficient for brain size with body size in intergeneric comparisons approximates 0.67, while in intraspecific comparisons (within or between populations) the coefficient is typically in the range of 0.2 to 0.4 (Jerison, 1973) . Lande (1979) , in evaluating data on small rodents, suggested that i) the lower coefficient typically observed in intraspecific studies might reflect the opmental programs are conservative and relatively stable-i.e., that morphological similarity reflects similarity in the genetic component of the developmental program. The correspondence between the estimates of general relationships from this study, based on relative timing, and more conventional studies, based on static comparison of adult morphology, is consistent with this general assumption. One advantage ofevaluating the ontogeny of morphological traits is that instances in which similarity in adult structure results from different underlying developmental trends (convergence) can be identified (Fig. 5) . Furthermore, by evaluating the patterns ofmorphological change during ontogeny, we may discern the way selection has altered growth patterns to affect the variation that we observe in adult morphology (Guerrant, 1982) . cease growing (forward shift in fJ) at different ages. Scaling identical to that shown in Figure 11 would result from comparison of adult animals whose growth was truncated at various points along the mean trajectories of brain and body weight, simultaneously. Finally, phenotypic correlations may reflect underlying genetic correlations to the extent that these are manifest by changes in the overall rate or timing of growth that affect both characters simultaneously (e.g., pleiotropy). are 0.21 and 0.37, respectively, spanning the typical range for intraspecific allometric scaling in these features (Lande, 1979; Gould, 1971) . The observed differences in ontogenetic allometry ofbrain and body weight are a consequence of a difference in the timing ofoffset in cranial growth. have proposed a physiological model to account for such changes in cellular proliferation.
Several inferences can be drawn from this comparison. First, caution must be exercised in deriving conclusions about genetic correlations from data on phenotypic scaling (see Atchley and Rutledge, 1980; Cheverud et aI., 1983) . The patterns of phenotypic correlations observed in mixed longitudinal series of specimens may simply reflect the age distribution of the sample (Cock, 1966) . In natural populations with asynchronous breeding, fluctuating resource availability, and differential size-related mortality, such heterogeneity is to be expected (Myers and Carleton, 1981) . In animals with relatively determinant growth (e.g., most mammals) allometric trends may also reflect comparison among adults that 
